Introduction
============

Calpains, a family of non-lysosomal cysteine proteases play a crucial role in integrating cellular functions of mammals [@B1]-[@B3]. The activity of calpains is tightly regulated by calcium (Ca^2+^); increased intracellular Ca^2+^ (\[Ca^2+^\]~i~) level can increase calpain activity [@B1]-[@B3]. A protein with the polypeptide sequence enriched in proline (P), glutamate (E), serine (S) and threonine (T) (PEST motif) may be the target for degradation by calpain [@B4]-[@B6].

Growing evidence has revealed that calpains play a central role in regulating the pathophysiological function of vascular cells, including endothelial cells, smooth muscle cells and macrophage-foam cells [@B7]-[@B10]. For instance, inhibition of calpain activity ameliorates oxidative stress-induced endothelial dysfunction in diabetes [@B8]. In addition, calpain plays a pivotal role in regulating the cholesterol metabolism of macrophage-foam cells by modulating the protein stability of ATP-binding cassette transporter A1 (ABCA1) and ABCG1, two reverse cholesterol transporters with the PEST motif [@B11]-[@B13]. Thus, inhibiting calpain activity has been considered a therapeutic strategy in preventing or treating cardiovascular system diseases [@B7], [@B9]. However, much still remains to be learned about the molecular mechanism underlying calpain activation.

Liver X receptors (LXRs), including LXRα and LXRβ, are lipid-sensing nuclear receptors that regulate cholesterol metabolism and inflammation [@B14]-[@B16]. LXRα is mainly expressed in the liver, intestine and macrophages, whereas LXRβ expression is ubiquitous [@B14], [@B16]. As a sensor for oxysterols, LXRα physiologically modulates cholesterol homeostasis by promoting transcriptional regulation of several ABC transporters [@B14], [@B16]. Hepatic and intestinal ABCG5 and ABCG8, two key players in excess cholesterol export from liver and intestine, are tightly regulated by LXRα[@B14], [@B15], [@B17]. Moreover, LXRα-drived ABCA1 and ABCG1 expression coordinates reverse cholesterol efflux from macrophages [@B18], [@B19]. A wealth of evidence implicates deregulated LXRα activation in the pathogenesis of hyperlipidemia and atherosclerosis [@B14]-[@B19]. Several lines of evidence suggest that LXRα protein level can be controlled by transcriptional and posttranslational modification including sumoylation, phosphorylation and ubiquitination [@B20], [@B21]. We recently demonstrated that excess nitric oxide (NO), generated from inducible NO synthase (iNOS), has pro-atherogenic effects by downregulating LXRα expression, thereby decreasing ABCA1-dependent cholesterol efflux from macrophages [@B23]; however, whether posttranslational modification is involved in NO-mediated downregulation of LXRα protein and the underlying mechanism remain elusive.

Transient receptor potential vanilloid receptor 1 (TRPV1), a non-selective cation channel, plays a central role in the integration of pain and inflammatory responses in multiple chemical and physical stimuli in neurons [@B24]-[@B26]. The activation of TRPV1 channels results in increased \[Ca^2+^\]~i~ level and activation of downstream signaling cascades and, eventually, excitation of sensory neurons [@B24], [@B26]. In addition to its vital role in regulating neuron function, the TRPV1 channel was recently found to be a key player in regulating the physiological functions of cardiovascular cells and the pathogenesis of cardiovascular diseases [@B27]-[@B30]. For instance, activation of TRPV1 channels in endothelial cells protects against atherosclerosis, hypertension and stroke [@B27], [@B28] and ameliorates oxidized low-density lipoprotein (oxLDL)-induced lipid accumulation in macrophages [@B31]. However, the contribution of TRPV1 channels and the underlying molecular mechanism in excess NO-downregulated LXRα and the related cholesterol metabolism in macrophages is less well defined.

Here, we aimed to examine the requirement for calpain in excess NO-downregulated LXRα in macrophages. We first investigated the role of calpain in excess NO-downregulated LXRα and the involvement of the PEST motif in macrophages, then delineated the role of TRPV1-Ca^2+^ signaling in SNAP-activated calpain, downregulation of LXRα and ABCA1, and impaired cholesterol efflux.

Materials and methods
=====================

Reagents
--------

S-nitroso-N-acetyl-D,L-penicillamine (SNAP), diethylenetriamine/nitric oxide (DETA/NO), 3-hexanoly-7- nitro-2,1,3-benzoxadial-4-yl (NBD) cholesterol, capsazepine (CPZ) and SB366791 were from Cayman Chemical (Ann Arbor, MI, USA). Rabbit anti-LXRα antibody and TurboFect transfection reagent were from Thermo Scientific (Rockford, IL, USA). Mouse anti-ABCA1 antibody was from Abcam (Cambridge, MA, USA). Mouse anti-α-tubulin, anti-Flag and anti-GAPDH antibodies; Tri reagent; cycloheximide (CHX); ethylene glycol tetraacetic acid (EGTA); calpeptin; and apolipoprotein AI (apoAI) were from Sigma (St Louis, MO, USA). Dil-oxLDL was from Biomedical Technologies (Stoughton, MA, USA). The Fluo-8 calcium assay kit was from AAT Bioquest (Sunnyvale, CA, USA). RPMI-1640 medium and Dulbecco\'s modified Eagle\'s medium (DMEM) were from Hyclone (Logan, Utah, USA). The calpain activity assay kit was from BioVision (Milpitas, CA, USA). μ-calpain was from Merck (Merck KGaA, Darmstadt, Germany).

Cell culture
------------

Murine macrophage J774.A1 cells (American Type Culture Collection, TIB-67) were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 μg/ml) (HyClone, Logan, UT, USA). Human embryonic kidney 293 (HEK293) cells (American Type Culture Collection, CRL-3216) were maintained in DMEM supplemented with 10% FBS, penicillin (100 U/ml) and streptomycin (100 μg/ml).

Western blot analysis
---------------------

Cells were washed with PBS, then lysed with immunoprecipitation (IP) lysis buffer (50 mM Tris pH 7.5, 5 mM EDTA, 300 mM NaCl, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 10 μg/mL leupeptin and 10 μg/mL aprotinin). After centrifugation at 13,000 rpm for 5 min at 4°C, the supernatant was harvested as cell lysates. A 50-μg sample was fractionated by SDS-PAGE, then transblotted onto Immobilon-P membrane (Millipore, Bedford, MA, USA), which was incubated with primary antibodies, then secondary antibodies. The samples were detected by use of an enhanced chemiluminescence kit (PerkinElmer, Boston, MA, USA) and quantified by use of ImageQuant 5.2 (Healthcare Bio-Sciences, Philadelphia, PA, USA).

Quantitative real-time RT-PCR
-----------------------------

Total cellular RNA was extracted by use of Tri reagent. A 5-μg amount of total RNA was converted to cDNA with reverse transcriptase (Fermentas, MD, USA) for use as templates in quantitative real-time RT-PCR (qPCR) with the TaqMan probe-based real-time quantification system (Applied Biosystems, Foster, CA, USA). mRNA levels were normalized to that of GAPDH and expressed as fold change of control levels.

Measurement of calpain activity
-------------------------------

Calpain activity was measured by use of a kit. Briefly, cellular lysates (100 μg) were mixed with reaction buffer and Ac-LLY-AFC (fluorogenic substrate) for 1 h at 37°C. The level of free AFC was measured by fluorometry at 400 nm excitation and 505 nm emission.

Immunoprecipitation
-------------------

Macrophages were washed with PBS and lysed with lysis buffer (25 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA and 0.1% NP-40, 1% Triton X-100, 0.1 mM Na~3~PO~4~ and protease inhibitors). After centrifugation at 13,000 rpm for 5 min at 4°C, 1000 μg supernatant was incubated with 1 mg specific primary antibody overnight at 4°C, then protein A/G-Sepharose beads for 2 h at 4°C. The protein A/G-antibody complexes were precipitated by centrifugation at 4000 rpm for 5 min. The immune complexes were washed three times with cold PBS for 20 min, then eluted in SDS lysis buffer (1% Triton, 0.1% SDS, 0.2% sodium azide, 0.5% sodium deoxycholate, 1 mM PMSF, 10 μg/mL aprotinin and 10 μg/mL leupeptin). Samples were heated at 100°C for 10 min and examined by western blot analysis.

Plasmid constructs
------------------

The coding region for human LXRα (hLXRα) was amplified from cDNA by PCR (2 min at 94°C, then 15 sec at 94°C, 30 sec at 61°C and 90 sec at 68°C for 35 cycles) with the primer sequences 5\'-TTA CGC GTA TGT CCT TGT GGC TGG GGG C-3\' and 5\'-TCT GGG ATG TGC ACG AAT GAT CTA GAG C-3\'. The amplified DNA fragments were digested with MluІ and XbaІ, cloned into pCMV5N-Flag vector, and confirmed by sequencing. hLXRα with truncated PEST motif (hLXRα-dPEST) was constructed by deleting hLXRα cDNA from base pairs 208 to 234. The DNA fragments were amplified by PCR (2 min at 94°C, then 15 sec at 94°C, 30 sec at 61°C and 90 sec at 68°C for 35 cycles) from cDNA with the primer sequences 5\'-TTA CGC GTA TGT CCT TGT GGC TGG GGG C-3\' and 5\'-CCA CAG CCC TGC TCA CCA GGA AGC TTA A-3\' for N-terminal DNA fragment, and 5\'-GCA AGC TTA TCC GTC CAC AAA AGC GGA A-3\' and 5\'-TCT GGG ATG TGC ACG AAT GAT CTA GAG C-3\' for C-terminal DNA fragment. The N- or C-terminal PCR products were digested with MluІ and HindIII or HindIII and XbaІ, respectively, then cloned into the pCMV5N-Flag vector. The plasmid was confirmed by sequencing. The coding regions for TRPV1 wild type (TRPV1-WT), TRPV1-Y671D mutant (TRPV1-D) and TRPV1-Y671K mutant (TRPV1-K) with the pcDNA3.1(+) plasmid were kindly provided by Dr. Carla Nau (Department of Anesthesiology, Friedrich-Alexander-University, Erlangen-Nuremberg, Erlangen, Germany) [@B32]. Each TRPV1 DNA fragment was digested with EcoRI and XbaI, then cloned into the pCMV5N-Flag vector. DNA sequences were verified by sequencing analysis.

Transient transfection
----------------------

In the calpain-catalyzed proteolysis assay, HEK293 cells were transfected with hLXRα or hLXRα-dPEST by use of TurboFect reagent for 48 h. In the Ca^2+^ influx assay, HEK293 cells were transfected with TRPV1-WT, TRPV1-D or TRPV1-K for 48 h, then treated with SNAP for the indicated times.

Calpain-catalyzed proteolysis assay
-----------------------------------

The calpain-catalyzed proteolysis assay was performed as described [@B33]. Transfected HEK293 cells were lysed with IP lysis buffer, then coincubated with 1.5 μg μ-calpain plus 5 mM CaCl~2~ at 31°C for 1 h. SDS lysis buffer was added to stop the reaction, then samples were examined by western blot analysis.

Cholesterol efflux assay
------------------------

Cholesterol efflux was determined as described [@B31]. Macrophages were cultured with SNAP (200 μM) in the presence of various inhibitors for 12 h, then equilibrated with NBD-cholesterol (1 μg/ml) for 6 h. After a washing with PBS, the NBD-cholesterol-labeled cells were cultured in medium for another 6 h with SNAP, various inhibitors and apoAI (10 μg/ml). The fluorescence-labeled cholesterol released from cells into the medium was analyzed by use of a multilabel counter (PerkinElmer, Waltham, MA, USA) with 485 nm excitation and 535 nm emission.

Dil-oxLDL fluorescent assay
---------------------------

Macrophages were treated with SNAP in the presence of calpeptin for 12 h, then equilibrated with fluorescent oxLDL (Dil-oxLDL) for an additional 18 h in the presence of drugs. Cells were washed and lysates were analyzed by fluorometry (Molecular Devices) at 514 nm excitation and 550 nm emission.

\[Ca^2+^\]~i~ detection
-----------------------

With the calcium assay kit, cells were preincubated with fluorescent dye Fluo-8 at 37°C for 1 h, then test compounds were added for the indicated times. Cell lysates were harvested and analyzed by fluorometry at 490 nm excitation and 525 nm emission.

Statistical analysis
--------------------

Data are presented as mean ± SEM from 4 independent experiments. Mann-Whitney test was used to compare two independent groups and Kruskal-Wallis followed by Bonferroni posthoc analysis to compare multiple groups. SPSS v20.0 (SPSS Inc, Chicago, IL) was used for analysis. Differences were considered statistically significant at *P*\< 0.05.

Results
=======

Involvement of calpain in SNAP-increased proteolytic degradation of LXRα
------------------------------------------------------------------------

We first investigated the effect of SNAP-released NO on LXRα expression. Treating macrophages with SNAP decreased the protein and mRNA expression of LXRα (Fig. [1](#F1){ref-type="fig"}A, B). Additionally, the proteolytic degradation of LXRα was time-dependently enhanced with SNAP treatment as compared with vehicle treatment (Fig. [1](#F1){ref-type="fig"}C). Since calpain is involved in regulating proteolysis [@B1], [@B2], we elucidated the role of calpain in the SNAP-induced downregulation of LXRα. Treatment with SNAP dose- and time-dependently increased calpain activity (Fig. [1](#F1){ref-type="fig"}D, E). As well, SNAP promoted the formation of an LXRα-calpain complex on immunoprecipitation assay (Fig. [1](#F1){ref-type="fig"}F). Similar results were also observed in NO donor DETA/NO-treated macrophages ([Supplementary Fig. 1](#SM1){ref-type="supplementary-material"}A-D). Therefore, calpain may participate in excess NO-induced downregulation of LXRα.

PEST motif of LXRα is critical for calpain-mediated proteolysis
---------------------------------------------------------------

Growing evidence indicates that protein sequences enriched in PEST motif are easily decomposed by calpain protease [@B4]-[@B6]. Use of the PEST-FIND system (<http://at.embnet.org/embnet/tools/bio/PESTfind>/; protein with PEST score \> +5 considered to have a potential PEST motif) [@B5], [@B34] suggested that LXRα may be recognized by calpain. The PEST score for LXRα was +12.08, and a conserved PEST sequence was found in LXRα at amino acids 69-80 (Fig. [2](#F2){ref-type="fig"}A). To provide further evidence that the PEST motif within LXRα is critical for calpain proteolysis, we created a construct expressing PEST motif-deleted LXRα (LXRα-dPEST) (Fig. [2](#F2){ref-type="fig"}B). We found that μ-calpain effectively degraded LXRα-WT but not LXRα-dPEST protein (Fig. [2](#F2){ref-type="fig"}C). Additionally, treatment with SNAP failed to induce degradation of PEST-deleted LXRα in macrophages (Fig. [2](#F2){ref-type="fig"}D). These results suggest the importance of the PEST motif of LXRα for calpain-dependent proteolysis.

Calpain mediates SNAP-impaired LXRα-ABCA1-dependent cholesterol efflux in macrophages
-------------------------------------------------------------------------------------

We previously reported that excess NO downregulates the level of ABCA1, the main reverse cholesterol transporter in macrophages, by decreasing LXRα protein and mRNA expression [@B31]. We then investigated the functional significance of calpain in excess NO-promoted lipid accumulation in macrophage-foam cells. Inhibition of calpain by the pharmacological inhibitor calpeptin abolished the SNAP-increased calpain activity and prevented its inhibitory effects on the protein expression of LXRα and ABCA1 (Fig. [3](#F3){ref-type="fig"}A-C). More importantly, suppression of calpain activity rescued SNAP-impaired cholesterol efflux (Fig. [4](#F4){ref-type="fig"}A) and thus ameliorated SNAP-augmented lipid accumulation induced by oxLDL (Fig. [4](#F4){ref-type="fig"}B, C). These results suggest that calpain is a key player in the SNAP-induced unfavorable effects on cholesterol metabolism of macrophage-foam cells.

TRPV1 channels are required for SNAP-increased \[Ca^2+^\]~i~ level in macrophages
---------------------------------------------------------------------------------

The contribution of \[Ca^2+^\]~i~ in the regulation of calpain activity is well defined [@B1]-[@B3]. We delineated the effect of Ca^2+^ influx on NO-activated calpain. As compared with vehicle treatment, SNAP or DETA/NO treatment rapidly increased Ca^2+^ influx within 240 min (Fig. [5](#F5){ref-type="fig"}A and [Supplementary Fig. 1](#SM1){ref-type="supplementary-material"}E), which occurred as early as 1 min after treatment, slightly decreased at 5-60 min, then gradually increased to peak again at 4 h (Fig. [5](#F5){ref-type="fig"}A). Removal of extracellular Ca^2+^ by EGTA prevented SNAP-induced Ca^2+^ influx (Fig. [5](#F5){ref-type="fig"}B, E). To address the implication of TRPV1 in SNAP-induced Ca^2+^ influx, macrophages were pretreated with the TRPV1 pharmacological inhibitor CPZ or SB366791 (both 10 μM) to inhibit the Ca^2+^ channel activity of TRPV1. Pre-treatment with CPZ or SB366791 abrogated the SNAP-increased \[Ca^2+^\]~i~ level (Fig. [5](#F5){ref-type="fig"}C-E). To provide further evidence that TRPV1 activation is critical for SNAP-evoked Ca^2+^influx in macrophages, we used gain- and loss-of-function strategies to block the Ca^2+^ permeability of TRPV1 channels by re-expressing full-length TRPV1 WT, TRPV1-K (TRPV1 mutant with defective Ca^2+^permeability) or TRPV1-D (TRPV1 mutant with normal Ca^2+^permeability) in HEK293 cells, a cell line lacking TRPV1 channels. Compared to vector transfection, SNAP treatment increased \[Ca^2+^\]~i~ level in TRPV1 WT- and TRPV1-D- but not TRPV1-K-reerexpressed HEK293 cells (Fig. [6](#F6){ref-type="fig"}A-C). Removal of extracellular Ca^2+^ or inhibiting TRPV1 with specific antagonists diminished the SNAP-induced Ca^2+^ influx in TRPV1 WT-reerexpressed HEK293 cells (Fig. [6](#F6){ref-type="fig"}D-E). TRPV1-mediated Ca^2+^influx might be an important event in SNAP-activated calpain.

Activation of TRPV1 channels plays a central role in the detrimental effect of SNAP on calpain activation and LXRα-ABCA1-dependent cholesterol efflux
-----------------------------------------------------------------------------------------------------------------------------------------------------

We next determined the significance of TRPV1 channels in SNAP-mediated cholesterol metabolism in macrophages. Treatment with EGTA or a TRPV1 antagonist prevented SNAP-induced calpain activity (Fig. [7](#F7){ref-type="fig"}A-C). The inhibitory effects of SNAP on LXRα and ABCA1 expression and cholesterol efflux capacity were also suppressed by EGTA (Fig. [7](#F7){ref-type="fig"}D, G, J), CPZ (Fig. [7](#F7){ref-type="fig"}E, H, K) and SB366791 (Fig. [7](#F7){ref-type="fig"}F, I, L). Thus, TRPV1-Ca^2+^ signaling may be required for SNAP-activated calpain and deregulation of cholesterol metabolism in macrophages (Fig. [8](#F8){ref-type="fig"}).

Discussion
==========

In this study, we characterized a new regulatory mechanism underlying the posttranslational modification of LXRα in excess NO-deregulated cholesterol homeostasis of macrophage-foam cells. Exposing macrophages to the NO donor SNAP decreased the LXRα protein and mRNA levels by promoting LXRα degradation. In parallel with the enhanced proteolytic degradation of LXRα, SNAP increased calpain activity and promoted the formation of a calpain-LXRα complex. The PEST motif of LXRα was found to be the target site for calpain-dependent proteolysis. Treatment with a specific calpain pharmacological inhibitor showed that calpain plays an important role in SNAP-exacerbated lipid accumulation in foam cells. All these key events were prevented by removal of extracellular Ca^2+^ or inhibition of TRPV1-Ca^2+^ signaling. Activation of a TRPV1-Ca^2+^-calpain signaling cascade may be a key event in SNAP-mediated LXRα degradation and deregulated cholesterol metabolism in macrophage-foam cells.

The LXRα-ABCA1 pathway is the most important mechanism responsible for cholesterol efflux from macrophages to apoA1 and thus plays a central role in maintenance of cholesterol homeostasis of foam cells and progression of atherosclerosis [@B35]-[@B37]. Loss of or impaired function in the LXRα-ABCA1 pathway by inflammatory insults decreases the capacity for cholesterol efflux and leads to excessive cholesterol deposition in cells or peripheral tissues [@B31], [@B38]. Mice lacking LXRα show cholesterol accumulation in liver when fed a high-cholesterol diet [@B39]. In an LDL-receptor-deficient background, genetic deletion of LXRα worsens atherosclerosis [@B40]. Reactive oxygen species downregulate the expression of LXRα and ABCA1, thereby leading to lipid accumulation in foam cells [@B38]. In contrast, activation of LXRα by ligands such as GW3965 or TO901317 upregulates ABCA1 expression, promotes reverse cholesterol transport, inhibits foam-cell formation and retards atherosclerosis [@B41], [@B42]. Collectively, LXRα could be a pharmaceutical target for treatment of atherosclerosis and related metabolic diseases.

Most nuclear receptors such as LXRα function via ligand-induced conformational change and subsequent translocation into the nucleus to mediate the transcriptional activation of target genes. However, increasing evidence indicates that the transcriptional activity of nuclear receptors is also modulated by transcriptional or post-translational regulation [@B20]-[@B22], [@B43], [@B44]. For example, LXRα mRNA expression is directed by the autoregulation of LXRα itself or peroxisome proliferator-activated receptor γ [@B43], [@B44]. LXRα also undergoes a post-translational modification that includes phosphorylation, sumoylation and ubiquitination [@B20]-[@B22]. Protein kinase A phosphorylates LXRα at Ser195 and Ser196, which impairs DNA binding ability and thus transcriptional activity of LXRα [@B21]. Moreover, a ubiquitin E3-ligase protein complex can interact with LXRα and promote its degradation via ubiquitin-dependent proteolysis [@B22]. In this study, we demonstrated a novel mechanism in the regulation of LXRα protein expression. SNAP treatment activated the calpain-dependent proteolytic process, increased the formation of an LXRα-calpain complex, and resulted in LXRα degradation. Inhibition of calpain activity blunted the harmful effect of excess NO in cholesterol metabolism in macrophages. These results are consistent with previous evidence showing that suppressing calpain activation increased reverse cholesterol efflux and attenuated the cholesterol accumulation in foam cells [@B11], [@B45]. Because calpain protease has a detrimental role in the progression of atherosclerosis, the damaging effect of SNAP on LXRα-ABCA1-dependent cholesterol efflux from macrophages may be due to the increased calpain activity. Post-transcriptional regulation may be potential mechanism in regulating the LXRα-ABCA1 pathway.

Our observations of LXRα instability and the formation of an LXRα-calpain complex after SNAP treatment broaden the implication of calpain involvement in the protein stability of LXRα. In general, the protein amino acid sequence enriched in the PEST domain is rapidly degraded by calpain protease [@B4]-[@B6]. The PEST motif in ABCA1 is required for clapain-dependent degradation [@B11]. As well, the PEST sequence within IκB is necessary for μ-calpain-mediated degradation [@B46]. Indeed, we found a PEST-enriched motif in amino acids 69-80 of LXRα; deletion of this PEST domain prevented μ-calpain-mediated LXRα degradation *in vitro*, which suggests the potential role of calpain in regulating LXRα protein stability. This evidence suggests a new therapeutic trarget for maintaining the protein stability of LXRα. However, mutation of the PEST domain in cystic fibrosis transmembrane conductance regulator (CFTR) did not significantly alter the degradation rate of CFTR [@B47], so much remains to be learned about the exact mechanism of the PEST motif in calpain proteolysis.

Elevated \[Ca^2+^\]~i~ level is thought to be associated with activation of calpain, which could be a key modulator in regulating downstream protein stability [@B1], [@B7]. Indeed, our observations suggested that SNAP-evoked Ca^2+^ influx was essential for calpain-mediated downregulation of LXRα and ABCA1. Additionally, SNAP-induced Ca^2+^ oscillation depended on TRPV1. Not unsurprisingly, TRP channels are activated by a variety of reactive chemicals [@B48]-[@B51]. NO activates TRP channels, including TRPV1, by inducing cysteine S-nitrosylation [@B31]. Moreover, treatment with an NO donor directly activated TRPV1- and TRPA1-dependent Ca^2+^ influx, thereby triggering peripheral nociceptive action [@B49]. Also, NO induced TRPV1-dependent apoptosis by modifying S-nitrosylation of TRPV1 in osteoblasts [@B52]. We also found that treatment with SNAP increased TRPV1-dependent Ca^2+^ influx. However, the exact molecular mechanism underlying excess NO-activation of TRPV1 channels in macrophage-foam cells remains for further investigation.

As well, both macrophage-mediated cholesterol clearance and pro-inflammatory mediator production are key steps in the initiation and progression of atherosclerosis [@B35]-[@B37]. Particularly, excessive cholesterol accumulation in macrophages may due to impaired LXRα-ABCA1-dependent cholesterol efflux induced by pro-inflammatory mediators in macrophages [@B23]. For example, oxLDL or pro-inflammatory cytokines induces lipid accumulation in macrophage-foam cells and inflammation, thereby inducing iNOS expression and excess NO production [@B53]-[@B55]. In addition, the activation of TRP channels by NOS-derived NO plays a crucial role in the regulation of several inflammatory diseases [@B49], [@B50], [@B56]. Deletion of TRPM2 diminishes iNOS-elicited signaling transduction and CXCL2 production in macrophages and microglia, thereby preventing inflammatory and neuropathic pain [@B56]. NO donors can induce TRPV1-dependent thermal hyperalgesia and nociceptive action [@B48], [@B49]. Indeed, we found that inhibiting TRPV1 activation ablated SNAP-activated calpain, downregulated LXRα and ABCA1, impaired cholesterol efflux and exacerbated oxLDL-induced lipid accumulation. TRPV1 has been implicated in calpain activation and pathogenesis of inflammatory diseases [@B57]-[@B59]. We also found that exposing macrophages to excess NO increased calpain activity in a TRPV1-Ca^2+^-dependent manner. Our previous study showed that excess NO augmented oxLDL-induced lipid accumulation in macrophages by deregulating LXRα-ABCA1-mediated cholesterol efflux; here, we provide advanced information for the link of TRPV1 channels to Ca^2+^-dependent calpain activity in excess NO-deregulated cholesterol metabolism.

In conclusion, we discovered a link between excess NO, TRPV1-Ca^2+^signaling, calpain activity, LXRα protein stability and cholesterol metabolism in macrophages, which broads the cardiovascular disease-related significance of excess NO. Exposing macrophages to excess NO triggered TRPV1-dependent Ca^2+^ influx, increased calpain activity, and deregulated LXRα-ABCA1-dependent cholesterol efflux. These findings offer a new molecular mechanism underlying the pro-atherogenic property of excess NO in the pathogenesis of atherosclerosis and provide new insights into possible targets for therapeutic interventions in atherosclerosis and related cardiovascular diseases.

Supplementary Material
======================

###### 

Supplementary Figure 1.

###### 

Click here for additional data file.

The authors thank Laura Smales for help in language editing.

This study was supported by grants from the Ministry of Science and Technology (102-2628-B-010-001-MY3, 103-2628-B-010-040-MY3, 103-2811-B-010-029 and 104-2811-B-010-020), and Ministry of Education, Aim for the Top University Plan, Taiwan.

![**SNAP increases calpain activity and promotes degradation of LXRα protein in macrophages.** J774.A1 macrophages were treated with SNAP (200 μM) for the indicated times. (A) Western blot analysis of protein levels of LXRα and α-tubulin. (B) qRT-PCR of mRNA levels of LXRα relative to that of GAPDH. (C) Cells were treated with or without SNAP (200 μM) in the presence of cycloheximide (CHX, 2 μg/mL) for the indicated times. (D) Macrophages were treated with various concentrations of SNAP for 12 h or (E) SNAP (200 μM) for the indicated times. Calpain activity was calculated by the assay kit. (F) Macrophages were incubated with SNAP (200 μM) for 6 h. Cellular lysates was immunoprecipitated (IP) with anti-calpain antibody and then immunoblotted (IB) with LXRα Ab. Data are mean ± SEM from 4 independent experiments \*, *P*\<0.05 vs. vehicle-treated, ^\#^, *P*\<0.05 vs. SNAP-treated CHX.](ijbsv12p0018g001){#F1}

![**The PEST motif is essential for calpain-mediated proteolysis of LXRα.** (A) The PEST score of human LXRα (hLXRα) is +12.8 determined by use of the computer program PEST-FIND. +, PEST potential motif. (B) Schematic model of creating LXRα WT or LXRα PEST deletion mutant (LXRα-dPEST) constructs. (C and D) Flag-tag LXRα WT or LXRα-dPEST plasmid was transiently transfected into HEK293 cells or macrophages for 48 h. Western blot analysis of protein levels of Flag and GAPDH in cellular lysates (50 μg) incubated with 5 mM CaCl~2~ and μ-calpain at 31°C for 1 h. Data are mean ± SEM from 4 independent experiments. \*, *P*\< 0.05 vs. LXRα-WT vehicle-treated.^\#^, *P*\< 0.05 vs. LXRα-WT calpain-treated.](ijbsv12p0018g002){#F2}

![**Calpain is crucial in SNAP-induced downregulation of LXRα and ABCA1.** (A) Calpain activity in macrophages treated with SNAP (200 μM) in the absence or presence of calpain inhibitor calpeptin (10 μM) for 12 h. (B and C) Cells were coincubated with calpeptin and SNAP for 18 h. Western blot analysis of LXRα and ABCA1 protein levels. Data are mean ± SEM from 4 independent experiments \*, *P*\< 0.05 vs. vehicle-treated, ^\#^, *P*\< 0.05 vs. SNAP-treated.](ijbsv12p0018g003){#F3}

![**Inhibition of calpain abrogates the detrimental effect of SNAP on cholesterol efflux and oxLDL-induced lipid accumulation in macrophages.** (A) J774.A1 macrophages were treated with SNAP (200 μM) in the presence of calpeptin (10 μM) for 12 h, then underwent equilibration of NBD-cholesterol (1 μg/ml) with apoAI (10 μg/ml) for an additional 6 h. The medium and cell lysates were collected for the measurement of fluorescence. Fold induction was defined as the level of cholesterol efflux relative to that in vehicle-treated cells set to 1. (B and C) Macrophages were incubated with SNAP in the presence of fluorescence-labeled oxLDL (Dil-oxLDL) or calpeptin (10 μM) for 18 h. Fluorescence was measured by fluorometry and photographed by fluorescence microscopy. Cellular nuclei were stained with DAPI (blue). Data are mean ± SEM from 4 independent experiments. \*, *P*\< 0.05 vs. vehicle-treated, ^\#^, *P*\< 0.05 vs. oxLDL-treated cells, ^&^, *P*\< 0.05 vs. SNAP-treated group with oxLDL treatment.](ijbsv12p0018g004){#F4}

![**SNAP induces TRPV1-dependent Ca^2+^ influx in macrophages.** (A) J774.A1 macrophages were treated with SNAP (200 μM) for up to 240 min. (B) Macrophages were pretreated with Ca^2+^ chelator EGTA (500 nM), (C) capsazepine (CPZ) (10 μM) or (D) SB366791 (10 μM) for 1 h followed by SNAP (200 μM) treatment for another 240 min. The intracellular level of Ca^2+^ was measured by Fluo-8 calcium assay. (E) Fluorescence images were photographed by fluorescence microscopy. Data are mean ± SEM from 4 independent experiments. \*, *P*\< 0.05 vs. vehicle-treated,^\#^, *P*\< 0.05 vs. SNAP-treated.](ijbsv12p0018g005){#F5}

![**Role of TRPV1 in SNAP-increased intracellular Ca^2+^ content in HEK293 cells.** (A and B) HEK293 cells were transiently transfected with vector or TRPV1-WT plasmid, then incubated with SNAP (200 μM) for up to 240 min. (C) After transfection with vector, TRPV1-WT, TRPV1-D mutant or TRPV1-K mutant plasmid, HEK293 cells were treated with SNAP (200 μM) for 240 min. (D-F) TRPV1-WT SNAP-treated group. After transfection with TRPV1-WT plasmid, HEK293 cells were pretreated with (D) Ca^2+^ chelator EGTA (500 μM), (E) CPZ (10 μM) or (F) SB366791 (10 μM) for 1 h followed by SNAP (200 μM) for 240 min. The intracellular level of Ca^2+^ was measured by Fluo-8 calcium assay. Fluorescence images were photographed by fluorescence microscopy. Data are mean ± SEM from 4 independent experiments. \*, *P*\< 0.05 vs. vector-transfected or vehicle-treated,^\#^, *P*\< 0.05 vs. TRPV-WT-transfected or SNAP-treated.](ijbsv12p0018g006){#F6}

![**Removal of Ca^2+^ or inhibition of TRPV1 channel function reversed SNAP-impaired cholesterol efflux and -downregulated LXRα and ABCA1.** J774.A1 macrophages were treated with EGTA (500 μM), CPZ (10 μM) or SB366791 (10 μM) in the absence or the presence of SNAP (200 μM) for 12 h (A-C) or 18h (D-I). Western blot analysis of (A-C) calpain activity and (D-I) LXRα (D-F), ABCA1 (G-I) and α-tubulin protein levels. (J-L) Cholesterol efflux measured in macrophages treated with or without SNAP in the presence of EGTA, CPZ or SB366791 for 12 h after the equilibration of NBD-cholesterol (1 μg/ml) with apoAI (10 μg/ml) for an additional 6 h. Data are mean ± SEM from 4 independent experiments. \*, *P*\< 0.05 vs. vehicle-treated,^\#^, *P*\< 0.05 vs. SNAP-treated.](ijbsv12p0018g007){#F7}

![**Proposed model of nitric oxide-induced TRPV1-Ca^2+^-calpain signaling that leads to proteolytic LXRα degradation and pathologic accumulation of lipids in macrophages.** Activation of TRPV1 by excess NO increases the Ca^2+^ influx, which in turn increases calpain activity, promotes LXRα degradation and downregulates protein expression of LXRα and ABCA1, for impaired reverse cholesterol efflux and worsened lipid accumulation in macrophage-foam cells.](ijbsv12p0018g008){#F8}
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